Abstract-Mechanical models have potential to guide the development and use of engineered blood vessels as well as other engineered tissues. This paper presents a microstructurally motivated, pseudoelastic, mechanical model of the biaxial mechanics of engineered vessels in the physiologic pressure range. The model incorporates experimentally measured densities and alignments of engineered collagen. Specifically, these microstructural and associated mechanical inputs were measured directly from engineered blood vessels that were cultured over periods of 5-7.5 weeks. To the best of our knowledge, this is the first successful application of either a phenomenological or a microstructurally motivated mechanical model to engineered vascular tissues. Model development revealed the need to use novel theoretical configurations to describe the strain history of engineered vessels. The constitutive equations developed herein suggested that collagen remodeled between 5 and 7.5 weeks during a 7.5-week culture period. This remodeling led to strain energies for collagen that differed with alignment, which likely resulted from undulations that varied with alignment. Finally, biaxial data emphasized that axial extensions increase stresses in engineered vessels in the physiologic pressure range, thereby providing a guideline for surgical use: engineered vessels should be implanted at appropriate axial extension to minimize adverse stress responses.
INTRODUCTION
Engineered vessels show great promise as a future source of vascular grafts for the 500,000 coronary artery bypass procedures or the 55,000 peripheral artery bypass procedures performed each year in the USA alone.
1, 27 Models of the mechanical behavior of engineered tissues may be used to guide surgical implantation, to predict in vivo behavior, including potential remodeling following implantation, and to guide the design of future culture protocols. To the best of our knowledge, such models have yet to be developed for tissue engineered blood vessels. In this study, we use models of native soft tissues as guidance for the development of a model for the biaxial mechanical behavior of engineered vessels.
BACKGROUND
Constitutive relations (or, models) that describe the passive mechanical behavior of native arteries often assume hyperelasticity 16, 17, 37, 38 or pseudoelasticity, 6, 13, 15 both of which can be used with good success depending on the particular application. The threedimensional behavior of a nonlinear, hyperelastic medium under isothermal conditions can be described by the constitutive equation
where t is the true (or Cauchy) stress tensor, F is the deformation gradient tensor, W is the scalar strain energy function, and C is the right Cauchy-Green deformation tensor (C = F T AE F).
19
The deformation gradient tensor, F, transforms a differential position vector that connects two points in one configuration to a differential position vector that connects the same two points in a new configuration (or, strain state). Let F 1 be the deformation gradient tensor that takes a differential position vector from a stress-free to an unloaded configuration (Fig. 1) .
Likewise, let F 2 take a differential position vector from an unloaded to a loaded configuration. The deformation gradient tensor that describes the total motion from the stress-free to the loaded state is then F = F 2 AE F 1 . For an artery without shearing motion, we typically assume F 1 = diag(K q , K J , K V ) and F 2 = diag (k r , k h , k z ), where K i and k i are principal stretches in radial, circumferential, and axial directions. 21 
THEORETICAL FRAMEWORK
A strain energy function describes the energy stored per unit volume of tissue during deformation. Lanir 25 proposed a microstructurally motivated strain energy function of the form
where k is the type of fiber, S is the volume fraction of fibers, R(N) is a distribution function for the alignment of fibers, N is a unit vector that describes the direction of each fiber, w(a) is the strain energy of an individual fiber as a function of fiber stretch (a), and DX is a small unit of volume determined by a small change in angle.
Note that the contribution of ground substance (e.g., glycosaminoglycans and water) in the extracellular matrix is often assumed to be negligible compared to that of fibers. 22, 25 This strain energy function (Eq. 2) has been applied to skin, 24 lung tissue, 26 and pericardium, 32 but has not been applied previously to native or engineered blood vessels. The mechanical properties of native arteries are often ascribed to contributions from collagen, elastin, and smooth muscle.
2,4,5 Engineered blood vessels, however, typically lack functional elastin 7, 28 and contain only partially contractile smooth muscle. 7 Thus, for most engineered vessels, it is reasonable to focus on collagen as the only type of fiber (k in Eq. 2) that contributes to mechanical behavior. It should be noted that using the same w k for each ''family of fibers'' tacitly implies that the stressfree state contains collagen that is undulated to the same extent regardless of its alignment within the tissue. We shall relax this assumption below.
The strain energy of an individual collagen fiber is often described by an exponential function, such as:
where c 1 and c 2 are best-fit parameters, 20, 22, 39 and the undulation is accounted for implicitly. Stretch of a collagen fiber is given by:
where N is a unit vector having components in the R, H, and Z directions, respectively. Undulated fibers (a < 1) do not contribute to resisting load, but ''straightened'' fibers (a ‡ 1) can resist loads. For each collagen fiber at an angle c (Fig. 2) in the H-Z plane, N ¼ ð0; cos c; sin cÞ: ð5Þ
METHODS

Experimental Methods
Vessel Culture: Engineered vessels were cultured as described previously. 29 Briefly, porcine carotid artery smooth muscle cells were seeded onto polyglycolic acid scaffolds (Albany International, Mansfield, MA) that were sewn into tubular shapes with 6-0 Dexon suture (United States Surgical, Norwalk, CT). For luminal support, vessels were cultured around a silicone tube having an outer radius of 1.5 mm. Vessels were then
Experimentally achievable configurations of a native artery, and the coordinates used to describe each configuration. In the stress-free configuration, an artery is cut to relieve residual stresses. The stress-free configuration is mapped to an unloaded configuration (e.g., an excised artery), which is then mapped to a loaded configuration with applied stresses (e.g., luminal pressure, axial tension, etc.). exposed to cyclic circumferential classical strains of 1.5% 34 (e = 0.015; k = 1.015) at a rate of 2.75 Hz 29 for 5, 6, or 7.5 weeks by cyclically pressurizing the silicone tube, but were not exposed to flow-induced shear stresses. Note further that the vessels were fixed at both ends along the axial direction in the bioreactor such that cyclic strains were applied only circumferentially. To harvest engineered vessels from bioreactors, axial connections were severed. Although vessels were placed into the bioreactor without axial tension prior to culture, axial tension developed during culture. Release of axial tension upon excision from bioreactors caused vessels to shorten approximately 10% in length. Vessels were fixed for both TEM and histology on the silicone tubing used for support during culture. This non-pressurized silicone tubing held radii and circumference constant during fixation. Vessels were fixed in an axially unloaded configuration, and no changes in length were observed during fixation. Structural Measurements: The density of collagen in each vessel was calculated as 10 times the amount of measured hydroxyproline. 30 Hydroxyproline content was measured spectrophotometrically at 550 nm after digestion of tissue samples in papain and 6 N HCl, oxidization of hydroxyproline with Chloramine T (Mallinckrodt, Hazelwood, MO), and color development with p-dimethylaminobenzaldehyde (Fisher Scientific, Hampton, NH). 40 Transmission electron microscopy (TEM) images of engineered vessels were used to measure alignments of collagen fibrils (c's in Fig. 2 ), as previously described. 8 To incorporate these measurements within the framework of Eqs. (3)-(5), we assumed that groups of collagen fibrils at each alignment behaved as collagen fibers (i.e., a collagen fiber is a group of aligned collagen fibrils). Thus, measurements of fibrils are more sensitive than measurements of fibers, but alignments are similar. We observed very few radially aligned collagen fibrils, and thus, our study focused on measurement of collagen in the h-Z plane. 8 We assumed that alignment was symmetrical around the h-and Z-axes, 8 and fibril alignment was binned into groups of 10°between 0°and 90°(e.g., 0-10°, 10-20°, etc.). Thus, each vessel had 9 unit vectors (N's in Eqs. 2, 4, and 5) describing alignments of collagen fibers at the mean angle of each bin (e.g., N = (0, cos 5°, sin 5°) for the bin of 0-10°, etc.), and 9 corresponding relative frequency of observation values that describe the percentage of collagen fibers at a given alignment (R(N) in Eq. 2).
Freshly harvested engineered vessel segments were also fixed for 1 h in 10% neutral buffered formalin, dehydrated, embedded in paraffin, sliced into 5 lmthick sections, and stained with H&E. Wall thicknesses were measured from histological cross sections.
Mechanical Measurements: During culture, tissue engineered blood vessels were axially secured in bioreactors to maintain a length of 8 cm. Prior to mechanical testing, vessel segments were removed from bioreactors, and the concurrent release of axial tension resulted in an axial contraction of approximately 10%. Note that silicone tubes used as luminal supports during culture were removed prior to mechanical testing. Upon loading into the biaxial testing system, vessel segments were elongated to accurately match the state of axial stretch imposed by the bioreactor. For example, if a vessel segment allocated for biaxial testing was 4 cm in length in the bioreactor, and contracted to 3.6 cm upon excision from the bioreactor, it was stretched to 4 cm (bioreactor length) upon placement in the biaxial testing system. The axial configuration of tissue engineered blood vessels that matched axial stretch in the bioreactor (no added elongation or contraction compared to the axially secured length in the bioreactor) is hereafter referred to as ''bioreactor length''. As previously described for native arteries, 18 a segment of each vessel (3-4 cm in length) was mounted on cannulae and immersed in Kreb's buffer (in mM: 116.5 NaCl, 4. 11, 18 Reference coordinates of markers were recorded at a baseline luminal pressure of 0.5 mmHg and at bioreactor length. Three loading protocols were utilized: cyclic inflation (0-120 mmHg) at bioreactor length, axial extension from bioreactor length to 10% above bioreactor length at a constant luminal pressure of 60 mmHg, and cyclic inflation (0-120 mmHg) at 10% above bioreactor length. As expected, analysis of the motions of the 12 surface tracking markers during biaxial testing revealed negligible shearing strains relative to the circumferential and axial extensional strains. Although we could not measure possible reaction torques, consistent with the assumed symmetry of the helical collagen fibers, we assumed that shearing stresses were likewise negligible in the data analysis. Ten inflation or extension cycles were performed for each testing protocol. Given that two or three cycles of preconditioning were sufficient to achieve consistent mechanical behavior, models were developed with data from the fourth loading cycle of each testing protocol.
From the experimental mechanical data, mean true circumferential stresses,
and mean true axial stresses,
were computed, where P was the internal pressure, r i was the internal radius in the loaded configuration, h was the wall thickness in the loaded configuration, and L was the axial load. 21 We assumed that vessels were thin-walled (mean value h/r i~0 .1), thereby allowing a 2D analysis. Statistical significance was determined by one-way ANOVA and the Tukey-Kramer post-hoc multiple comparison test. All data are presented as the mean ± standard error of the mean (SEM).
Functional Forms of the Model
Three cases were evaluated to understand the biaxial mechanical behavior of engineered vessels within the framework of Eqs. (1) and (2). Case 1 assumed that the strain state of vessels was similar in the unloaded and stress-free configurations (F 1 = I); see Fig. 1 . This assumption was based in part on pilot measurements that showed no change in radii between the stress-free and unloaded reference configurations. In addition, the assumption was supported by observations that engineered vessels contained smooth muscle cells that were significantly less contractile than cells in native arteries, 7 and lacked functional elastin. 7, 28 Contractile smooth muscle cells and elastin contribute to residual stresses in normal arteries. Circumferential and axial components of the deformation gradient F 2 ( Fig. 1) were calculated based on changes in distance between markers on the vessel surface during biaxial testing. The radial component of F 2 was then calculated by enforcing incompressibility. Equation (3) was used to model the strain energy of collagen fibers. Given that multiple combinations of c 1 and c 2 could fit data equally well, these parameters were not averaged across vessels.
In Case 2, we also assumed that the strain state was similar in the unloaded and stress-free configurations (same assumption as in Case 1), but we expanded the strain energy function for collagen fibers (Eq. 3) such that c 1 (and hence w) depended on the alignment of each collagen fiber (N):
. With c 2 held fixed for each vessel, we could directly compare c 1_circ , c 1_hel , and c 1_axial as an ''effective stiffness'' of collagen fibers in the circumferential, helical, or axial directions, respectively. To compare trends across vessels, a relative percent contribution for collagen in each alignment was calculated:
In Case 3, we assumed that the strain energy of collagen was independent of alignment (as in Case 1), but we expanded the possible configurations of an engineered vessel to include (Fig. 3) : stress-free, unloaded (circumferentially and axially unloaded), silicone tube (circumferentially loaded and axially unloaded), reference (axially loaded), and biaxially loaded (circumferentially and axially loaded). Hence,
Using experimental data from the silicone tube, reference, and loaded configurations, we determined new components of the deformation gradients to predict a strain history for engineered vessels that was more thorough than that used in Case 1 or 2. Notationally, the circumferential component of F 2 AE F 1 was denoted as F h12 and similarly for other components. Given that the stressfree and silicone tube configurations were both axially unloaded, we let the axial component of F 2 AE F 1 be unity, which by incompressibility required the radial component of F 2 AE F 1 to be F h12 -1 . F h12 was used to project experimental measurements of radii, wall thicknesses, and alignments of collagen fibers in the silicone tube configuration to corresponding values in the stress-free configuration. Additional components, F h1234 and F z1234 , accounted for circumferential and axial deformation, respectively, between the stress-free and reference configurations. F 5 in Case 3 was calculated from surface marker data during biaxial testing, and was equivalent to F 2 in Case 1. 
Numerical Implementation
A random number generator was used to create 10 initial guesses for each parameter (material parameter in a strain energy or unmeasured component of F in Fig. 3) , as described previously. 41 To accelerate computations, the model was fit first to a reduced number of data points for each initial guess. 10 The best initial guess was then used to fit the model to every 5th data point (using every
for each direction, i (circumferential or axial), within each testing protocol, j, and the error was summed across fit data points, k, within each testing protocol. Case 3 was fit to data by minimizing the error between experimental and modeled pressure and load,
Error was minimized via the Marquardt-Levenberg method. A fitting parameter normalized each objective function by the total number of fit data points (k) summed for fit testing protocols (j) and fit directions (i), 41 namely
The final value for F was calculated by comparing the fit of the model to all data points rather than to every 5th data point. For example, a biaxial fit of the model to three loading protocols may have included 700 data points for inflation at bioreactor length for each the circumferential and axial fit, 711 data points for axial extension for each the circumferential and axial fit, and 689 data points for inflation at 10% above bioreactor length for each the circumferential and axial fit. Thus, the total number of data points for a biaxial fit to three loading protocols would be 4200 in this example. In contrast, the total number of data points for a circumferential fit to inflation at bioreactor length would be only 700 in this example. Without normalization by the total number of fit data points, the error, as calculated by Eq. (9), would appear much higher as the number of fit data points increased. Thus, the fitting parameter, F, allowed comparison of the quality of fit across data sets with different numbers of data points, fit testing protocols, and fit directions.
RESULTS
Microstructural inputs for models of the mechanical behavior of 12 engineered vessels included densities of collagen, wall thicknesses, and alignments of collagen (Table 1) .
During inflation at bioreactor length, Case 1 consistently fit uniaxial data well (Circumferential Data: F = 0.040 ± 0.015; Axial Data: F = 0.043 ± 0.016; n = four 7.5-week vessels), but fit biaxial data poorly (Figs. 4a and 4b, Table 2 ).
In contrast, Case 2 successfully described biaxial mechanical behavior during inflation (Fig. 4c, Table 2 ) by allowing strain energies of collagen fibers to depend on alignment. Parameters obtained by fitting Case 2 TABLE 1. Experimentally measured densities of collagen as a percent of dry tissue weight, wall thicknesses, and relative frequency of observation for the alignment of collagen in vessels cultured for 7.5, 6, or 5 weeks. to biaxial data from inflation at bioreactor length (Table 3) or 10% above bioreactor length predicted changes in the effective stiffnesses of collagen with alignment and length of culture (Fig. 5a ). In vessels cultured for 7.5 weeks and tested at bioreactor length, the predicted stiffness of helical collagen was significantly greater than that of circumferential or axial collagen. At bioreactor length, parameters suggested an Note that a, b, and c described behavior at bioreactor length, and stretch (k h ) was calculated using the framework presented in Fig. 1 (e.g., k h 5 F 1,hh F 2,hh , for F 1 and F 2 as shown in Fig. 1 , where F 1 5 I). In d, however, data are presented for behavior at 10% above bioreactor length, and stretch (k h ) was calculated using the framework presented in Fig. 3 (e.g., k h 5 F h1234 F 5,hh , for F 1 , F 2 , F 3 , F 4 , and F 5 , as shown in Fig. 3 , where F h1234 was a best-fit parameter for circumferential stretch between the stress-free and reference configurations). increasing trend in the contribution of helical collagen (p < 0.06 for 5-week vs. 7.5-week vessels) and an associated decreasing trend in the contribution of axial collagen with length of culture (p < 0.07 for 5-week vs. 7.5-week vessels). Importantly, Case 2 predicted a decreasing trend for the contribution of axial collagen with length of culture, which mimicked a decreasing trend in the experimentally measured axial forces required to maintain the bioreactor length ( Fig. 6 ; p < 0.06 for 5-week vs. 7.5-week vessels). At 10% above bioreactor length, Case 2 predicted significantly greater stiffnesses for axial collagen and significantly lower stiffnesses for helical collagen than at bioreactor length for 6-and 7.5-week vessels (Fig. 5b) . Furthermore, at 10% above bioreactor length, the predicted stiffness of axial collagen was significantly higher than that of circumferential or helical collagen in vessels cultured for 5 or 6 weeks (Fig. 5b) . Fitting Case 2 simultaneously to biaxial data from all three loading protocols yielded parameters that weighted the contribution of helical and axial collagen significantly more heavily than that of circumferential collagen (%c 1_circ = 2.3 ± 1.2; %c 1_hel = 43.5 ± 16.7*; %c 1_axial = 54.2 ± 17.2*; n = four 7.5-week vessels; * indicates p < 0.05 compared to %c 1_circ ).
Case 3 assumed that collagen fibers in all directions contributed equally to the mechanical properties. During inflation at 10% above bioreactor length, Case 3 successfully fit biaxial mechanical data (Fig. 4d , Tables 2 and 4 ) and generated a mean fitting parameter comparable to that of Case 2. No significant differences were detected between the best-fit parameters of Case 3 with length of vessel culture at 10% above bioreactor length (Fig. 7) . Note that an axial extension from bioreactor length to 10% above bioreactor length increased stresses dramatically in engineered vessels (Figs. 4c and 4d) . At bioreactor length, circumferential stresses consistently exceeded axial stresses (e.g., Fig. 4c ). In contrast, axial stresses consistently exceeded circumferential stresses in axially extended engineered vessels, and axially extended vessels had higher overall stresses at physiologic pressures (e.g. Fig. 4d ). Although Case 3 nicely fit biaxial data from inflation at 10% above bioreactor length, it fit biaxial data of 7.5-week vessels at bioreactor length poorly (Table 2) . Interestingly, at bioreactor length, Case 3 fit biaxial data from inflation of 5-week vessels better than that of 6-week vessels or 7.5-week vessels (Table 2) .
Deformations predicted by Case 3's best-fit parameters suggested an absence of circumferentially aligned collagen (0-30°) in the stress-free and reference configurations (Fig. 8) . Rather, Case 3 predicted a shift in collagen towards the helical and axial directions for the stress-free and reference configurations. soft tissue, but little experimental data for collagen alignment was available at that time. Historically, therefore, models with a microstructural framework have employed statistical distributions, such as Gaussian functions, to describe the alignment or undulation of collagen. 24 Using experimental measurements for alignments of collagen eliminates the need to utilize statistical distributions, and thereby yields more accurate best-fit parameters. 32 Sacks et al. 32, 33 have experimentally measured alignments of collagen with small angle light scattering (SALS) and incorporated them into structurally motivated mechanical models for native tissues. In this study, we input experimentally measured collagen alignments 8 into models for engineered tissues.
Notwithstanding the advances achieved via the present biaxial testing and constitutive formulation, there is need for improvements in both experimental methods and modeling. First, we assumed that the collagen fibers could be classified into three groups: circumferentially, helically, and axially oriented fibers, with the further assumption of symmetry of the helical fibers consistent with prior work on native vessels. 3, 16 There is a need to quantify the full transmural distribution of the collagen fibers, however, and to incorporate this information into a structural model. Given the possibility that the fibers may not have a symmetrical distribution, there is also a need to measure possible reaction torques (in the absence of applied torsion) during extension and inflation testing and thereby to assess possible contributions due to shear stresses. Indeed, torsion tests would provide additional important information for modeling, particularly for engineered grafts intended for use as coronary bypasses. We also modeled only the mechanical behavior of the ''developed tissues'' at 5-7.5 weeks of culture. There is a need to model the developmental process, that is, the growth and remodeling of the collagenous tissue and the degradation of the polymeric scaffold, for such information could be very helpful in designing improved culture conditions. Another limitation of our model is the use of random numbers to generate initial guesses for parameters. Initial estimates of parameter values impact the estimated best-fit values, which is a common observation for models that seek simultaneous fits to multiple parameters. 41 To address this issue, we used 10 initial random guesses to minimize error in the model fit. Overall conclusions were based on the fit of the model, not absolute parameter values. Solutions were robust enough to produce trends for the fit of each case of the model to the data. In Case 2, we drew additional conclusions based on relative parameter values, rather than absolute parameter values, which allowed multiple solutions to produce similar relative outcomes. Although our model had limitations, development of three cases identified useful parameters that impact the mechanical behavior of tissue engineered blood vessels. . Best-fit parameters for Case 3 during inflation at 10% above bioreactor length for vessels cultured 5 (n 5 4), 6 (n 5 4), or 7.5 (n 5 4) weeks. F h12 described the circumferential deformation from the stress-free configuration to the silicone tube configuration, F h1234 described the circumferential deformation from the stress-free configuration to the reference configuration, and F z1234 described the axial deformation from the stress-free configuration to the reference configuration (recall Fig. 3 ). Case 1 successfully fit the uniaxial mechanical behavior of engineered vessels, but it failed to describe their biaxial behavior. Thus, it was necessary to develop a novel model for the biaxial mechanical properties of engineered vessels. First, we developed Case 2, which assumed that the mechanical properties of collagen differed for circumferential, helical, and axial alignments. To our knowledge, Case 2 is the first successful phenomenological fit of a nonlinear elastic model to engineered vascular tissue; it is consistent philosophically with multi-fiber family models for native tissues. 3, 16 In addition, Case 2 fit biaxial mechanical properties better than Case 3 for the majority of applications. Case 3 outlined a novel set of kinematic considerations to describe the strain ''history'' of engineered vessels, yet several of the deformation gradient tensor values predicted by Case 3 may exceed realistic deformation values for tissue engineered vessels. For example, Case 3's predicted deformation gradient tensor values for 7.5-week vessels were surprisingly high (Table 4 and Fig. 7) , which led to high and possibly unrealistic values for circumferential stretch (Fig. 4d) . However, the Case 2 and Case 3 models revealed consistent structural and mechanical insights that have been largely neglected by tissue engineers to date.
Both Case 2 and Case 3 suggest that helically and axially oriented collagen contribute to the mechanical behavior of engineered vessels more than circumferentially oriented collagen. This observation must be interpreted, of course, within the framework of the culture system. During culture, only circumferential strains were applied to engineered vessels. Axial dimensions were held constant during culture, which may have created static axial strains. Results from modeling with Case 2 suggested that helical and axial collagen had higher strain energies than circumferential collagen in engineered vessels; Case 3 predicted a shift of collagen towards helical and axial alignments to explain their increased contribution to the mechanical behavior of engineered vessels. Although both Cases 2 and 3 emphasize contributions of helical and axial collagen to overall mechanical behavior, ultrastructural analysis showed collagen fibers in circumferential alignments in all vessels. Thus, it may be that engineered vessels contain circumferentially aligned collagen in the reference configuration, but this collagen is less stiff than corresponding helical or axial collagen. Currently, the causes for this difference in collagen stiffness remain unclear, though the applied strain regiment during culture may certainly contribute.
The extent of fiber undulation/straightening will affect the contribution of collagen to load bearing at each alignment. It is thought that native vessels remodel over time to achieve ''normal'' wall stresses 12, 36 or strains. 23 It is possible therefore that the undulation of collagen differs with length of culture and with alignment as a result of strain or tension patterns during culture. As engineered vessels matured, the axial load required to maintain bioreactor length decreased, which suggested that collagen aligned in the axial direction may have become increasingly undulated with length of culture. Case 2 supported the possibility that axial collagen became more undulated with time by predicting a decrease in the percent contribution of axial collagen with length of culture. Furthermore, both Cases 2 and 3 predicted that the contribution of axial collagen increased with axial stretch, which may be explained by straightening of undulated collagen between bioreactor length and 10% above bioreactor length. Although we were unable to experimentally quantify changes in undulation of collagen with alignment using traditional TEM, it may be possible to measure undulation in future studies using three-dimensional ultrastructural reconstruction techniques such as automated electron tomography. 14 Measuring the undulation of collagen fibers at each alignment would provide additional useful additional input data for future microstructurally motivated models.
Collagen at a given alignment also may appear weak if it stress relaxes or creeps more quickly than collagen in other alignments. For example, concentrated regions of scaffolding remnants in engineered vessels cause local stress concentrations, 7 which may lead to accelerated stress relaxation in the circumferential direction during preconditioning. In addition, collagen fibrils may slip past each other to achieve stressrelaxation 31 during culture, especially in response to applied cyclic strain. Diameters of collagen fibers, along with densities of collagen fibrils within collagen fibers, also may differ with alignment in response to culture conditions. Finally, the experimental data emphasized the impact of axial extension on maximum stresses of engineered vessels in the in vivo pressure range, thereby raising our awareness of the attention that must be paid to the axial extension of an engineered vessel in the clinical setting. Specifically, our models and experimental observations suggest that engineered vessels should be implanted at bioreactor length to minimize wall stresses and thereby minimize the risk of graft failure. Increased wall stresses associated with axial elongation may increase the potential for dilation and rupture of engineered vessels in vivo. Furthermore, increased stiffnesses may exacerbate the mismatch in compliance between an implanted engineered vessel and the adjacent native vasculature. Compliance differences, in turn, may cause disturbances in blood flow and thereby increase the potential for graft failure via thrombosis or intimal hyperplasia. 9, 35 The models developed herein provided valuable insights into parameters that impact the mechanical behavior of engineered tissues, and thus, into inputs that should be included in the next generation of models for engineered tissues. First, future models should include an appropriate set of configurations to describe the strain history of an engineered tissue. Second, precise measurements of physical dimensions and collagen alignments should be taken at each configuration. Third, strain energies for collagen should be allowed to vary with fiber alignment, and these strain energies may depend on additional microstructural inputs such as undulation of collagen, densities and diameters of collagen fibers, and scaffold parameters. Finally, future models should include shear stresses and strains. These suggestions may allow future models to predict the mechanical behavior of engineered tissues with one universal set of best-fit functions. A predictive model, in turn, will be able to guide experimental design of engineered tissue culture, provide additional guidance for surgical handling, and predict behavior and remodeling in vivo.
